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ABSTRACT
Specimen Zircaloy-2-clad and Type 304 stainless steel-clad UOz-pelletrods were electrically heated in steam and hydrogen-steam atmospheres to assess the damage that might be incurred in water-cooled reactor cores by a delay or failure inthe operation of emergency core-cooling systems following loss of primary coolant.
It was observed that when oxidized in a steam atmosphere, Type 304 cladding foams and expands at temperatures ipproaching its melting point (-1400°C). cladding is severely embrittled when the total oxygen absorbed is about 18% or greater (as Zr02 · Zircaloy-2-clad U02-pelletfuel rodscan beheated to about 1200°C in asteam atmosphere and then water-quenched without incurring sufficient oxidation and embrittlement to break on cooling. At temperatures substantially above 1200°C, the cladding tends to crack and break on cooling.
When exposed to pure hydrogen for 6 min, or longer, at 1400°C , Zircaloy-2 cladding is embrittled due to hydriding. Hydrogen embrittlement is reduced by preoxidizing the cladding in steam, or by the presence of steam in the hydrogen. When oxidized by heating in a stearh atmosphere, Type 304 stainless steel cladding foams and expands at temperatures approaching its melting point (-1400°C).
2.
Zircaloy-2 cladding is embrittled, and the degree of embrittle-. ment increases with the amount of oxygen absorbed. The cladding becomes very brittle when the total oxygen absorbed is about 18% or gre.ater (as Zr02). Zircaloy-2-clad; U02-pellet rods can be heated in a steam atmosphere to about 1200°C and then water-quenched without undergoing sufficient oxidation and embrittlement to break on cooling. At temperatures substantially above 12000C, the cladding tends to crack and break on cooli ng.
4.
The effects of hydriding on Zircaloy-2 cladding are secondary to those of oxidation.
II. CLADDING-STEAM REACTION RATES
When heated in steam or water vapor, Zircaloy-2 and stainless steel cladding can react with the steam to form metal oxides and hydrogen. Since Zircaloy-2 is composed primarily of zirconium, its reaction rate is very· nearly the same .as that of zirconium.
The following information has been extracted from studies of re- [8] [9] [10] [11] action rates of zirconium with steam and stainless steel with steam.
A. Zirconium-Steam Reaction
Baker and Justio have reported that when the steam is in excess at the reacted surface, the reaction of zirconium cladding with the steam follows a parabolic rate law. For a cylindrical surface, the rate is givenby Here ro -r represents a thickness of oxidized.metal which retards the re--action inproportion to its thickness.
At relatively high temperatures, the reaction becomes more rapid and may be limited by the diffusion of steam to the oxide surface and the diffus ioh of hydrogen from the oxide surfac'e. In.this case, d(ro -r) = pgMc hd(X -Xs) cm/sec, (2) 
III. EXPERIMENTAL APPARATUS AND PROCEDURE
A. High-temperature Electrical-resistance Furnace
The furnace used in the early experiments is designed for temperatures and pressures up to 1700°C and 1000 psig. As shown schematically in Fig. 1 .H20 LEVEL-37.-EP= HOLDER
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B. Induction-heated Assemblies
Two types of assemblies were used: one ( Fig. 3a) for sirnulating a loss-of-coolant accident, and the other (Fig. 3b) for simulating a loss-ofcoolant accident followed by water quenching (simulated emergency cooling). For experiments designed to simulate emergency cooling, the assembly was modified as shown in Fig. 3b . With this arrangement, quench water could be injected at either the top or bottom of the tube and removed at the opposite end. An electrical-resistance heater was wrapped around the bottom of the tube to prevent steam condensation at this location. A water-cooled condenser was installed at the top of the tube to condense steam from the effluent hydrogen. The hydrogen was collected and its volume measured by displacing water from graduated cylinders. Samples of the gas were analyzed to check for air leakage into the system. Tests No. 3S to 6S were conducted to determine the effects of varying both steam flowrate and pressure. The results are summarized in Table I . Fig. 2 , the center of the furnace zone was heated to 1536°C before the fuel rod was raised into the upper position. At this time, the top of the rod was at about 800°C. The rod was raised at a rate of 1 in./min. After insertion of the rod, the temperature at the center of the furnace zone dropped to 1488°C and then rose to 1499°C over a period of 12 min. Both thermocouples attached to the outer, upper surface of the cladding failed after 21 min. At the time of failure, the indicated temperature at the center of the hot zone was 14950 C.
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The reaction was allowed to continue for 180 min from the time the rod was first inserted into the hot zone. Then the rod was lowered to its original position. About 0.401 mole or 9 liters (STP) of hydrogen were collected, mostly during the first 90 min. This amount of hydrogen corresponds to a reaction of about 44.2% of the stainless steel. The total hydrogen evolved corresponded to a reaction of 37% of the stainless steel cladding. In test No. 6S four rods in a square array with 0.6-in. center-to-center spacing were exposed to steam at 1600°C and 1 atm.
Steam flow was maintained at 25 g/min to ensure that the reaction was not steam-limited. Other conditions were not altered from those used in the single-rod tests. Figure 8a is an overall view of the four-rod bundle as removed from the furnace. Figure 8b is a close-up view of the areas of rapid "frothing" action and slow "corrosion" reaction which were at about 14000C. In the area of rapid reaction, expansion of reaction products into the steam flow channel is evident, with some bridging between fuel rods. The lower (cooler) portion of the cladding was slightly reacted.
Most of the reaction occurred dur ing the first 2 hr of exposure.
It was apparent that the low steam flowrate had limited the rate of reaction. ..6 ( Fig. 12) As a check, the parabolic oxidation law was used to calculate the rate and extent of reaction of the fuel rod. Briefly, Eq. 1 was programmed on the CDC-3600 digital computer, using small time intervals. Arbitrary temperature-time functions could be inserted into the calculation. These functions are plotted in Fig. 13 and represent the approximate temperature history of various regions of the Zircaloy-2 cladding. Also plotted are the corresponding calculated reaction rates for these regions; these are expressed in terms of the mils of cladding reacted during the exposure. Figure 14 shows the bundle of four rods after exposure for 10 min to steam flow of 25 g 'min at >1700°C and 1 atm.
An unexposed rod is included for comparison. Although the exposed rods were badly damaged, a large portion of the fuel was still encased in tubes of oxidized Zircaloy-2. (Note: Some of the damage to the cladding occurred during removal of the test section from the furnace.)
Self-heating of the rods was apparent: During the test, the indicated temperature at the upper (hottest) end of the bundle was more than 200°C above the furnace temperature of 1700°C. This self-heating is attributed to thermal isolation in the four-rod bundle.
Hydrogen evolution per fuel rod was about twice that evolved in the single-rod tests. This was expected because of the higher temperatures reached by the four-rod bundle. would promote reaction at the upper end, and the limited steam, which would promote reaction toward the lower end of the rod. Location of greatest reaction is therefore centered at a point below the top of the rod. In tests with a high steam flowrate, the greatest reaction has occurred at the top (hottest point) of the rod. Fuel-rod temperatures were to be measured by two W5-Re/W26-Re thermocouples, one positioned between the fuel pellets and the cladding, and the other welded to the outer surface of the cladding. However, the thermocouple recordings could not be interpreted because of interference from the rf field generated by the induction-heating coil. A temperature record was obtained using a Pyroeye two-color pyrometer, which was focused on the cladding surface between turns of the inductionheating coil. During the test, this record, which was limited to the high range of the instrumented (1900-2500°C), indicated a peak temperature of 2140°C. Power to the coil was turned off a few seconds after the temperature peaked.
Although preliminary in -t k' 4; , --· .:
'.
nature, this test showed there was (Fig. 17b) The temperature gradient observed between inner and outer edge s of each rod, and the subsequent longitudinal rupture of the cladding along the inner walls of the four-rod bundle, indicate the desirability for additional experiments using more rods per bundle--for example, a center rod with at least one, and preferably two, outer rows of rods.
2.
Overall The results of these preliminary tests led to the consensus that the degree of fragmentation did not necessarily depend upon the maximum temperature to which the rods were heated. Rather the temperature-time history and embrittlement caused by cladding oxidation are the determining factors; and these two factors are not independent.
Parametric Tests of Induction Heated-water Quenched Fuel
Rods
The foregoing tests with single Zircaloy-2-clad rods and bundles of four, indicated that the rods retained their original shape at temperatures substantially higher than the melting point of zirconium (18500C).
The tests also indicated that fuel-rod movement or breakup occurred during or after cool-down, with or without water quenching. However, these tests did not reveal the conditions under which gross fragmentation would occur. Accordingly, 18 additional tests were made with single fuel rods to assess the extent of damage and failure of the cladding and fuel as a function of heating rate, steam flowrate, cladding oxidation, quench temperature, quench rate, and method of quench (top or bottom).
Each fuel rod consisted of 0.5-in.-dia UO2 pellets encased in Zircaloy-2 tubin of 12- During each test, the steam flow was maintained at 2 g/min, and the rod was heated to a predetermined temperature, and then suddenly quenched by admitting water, at room temperature and 190 g/min, either at the top or bottom of the steam jacket (see Fig. 3b ). The hydrogen evolved was collected and its volume measured. Posttest metallographic examinations were made of the cladding and the fuel pellets.
To inductively heat a fuel rod to 1000-2100'C at about 5°C/sec and thus simulate loss-of-coolant conditions, heat must be added at a much greater rate than that generated by decay heating in the reactor core. This is because heat losses from a single rod are much greater than from a rod surrounded by other rods in the core. However, when quenching starts, the heat loss to the cooling water from a single rod becomes more nearly equal to the heat loss of a rod in a core being quenched.
Also, it is extremely difficult to determine at what power level the induction heating should be held during the quenching period to simulate the actual conditions experienced by a rod in a reactor core. In some tests, the power level was maintained constant thr oughout the quenching period. This resulted in adding an unknown amount of energy greater than actually needed. In other tests, the inductioh generator was turned off when quenching was started; this resulted in adding less energy than needed.
Thus, the actual conditions were bracketed.
When the cladding reacts with the steam, releasing hydrogen, part of the oxygen produced dissolves in the cladding and part reacts with the cladding to form Zr02· The moles of oxygen produced were considered to be half of the moles of hydrogen collected. The average extent of cladding oxidation (to Zr02) as well as the maximum extent of oxidation in any cross section of the 3-in.-long heated section of the rods was estimated from metallographic examination of the rods. Although several layers of differentcolored oxides were observed during these examinations, the overall composition of the layers of oxide was assumed to be Zr02.0· Table III bF indicates that fuel rod failed.
An evaluation of these test results must take into account the fact that the fuel rods were only 12 in. long, with a 3-in.-long heated section, and were not mechanically restrained in the test assembly. Embrittlement and loss of strength of the cladding increase with the degree of cladding oxidation, oxygen dissolved in the cladding, and interaction of the cladding with the UOz. Therefore, the unrestrained fuel rods that did not fail in these tests might have failed if subjected to the restraints and warpage that could occur in bundles of fuel rods in a reactor core. In addition, the efficiency of cooling the latter rods may be considerably different from that of cooling single rods. Finally, the effects of nuclear radiation, methods of heating (decay versus induction), and gas pressure in the rods also may reflect changes in the results.
Nevertheless, for the conditions prevailing in these tests, the critical quench temperature for unrestrained fuel-rod failure would be in the range from 1500 to 1700°C. (See Table IV .) For fuel rods subjected to emergency-cooling conditions (loss-of-coolant accident) in a watercooled power reactor, the maximum rod temperatures are estimated to range from 1000 to 12000C.
Upon completion of each test, the rod was carefully removed from the steam jacket and photographed imme diately. In Fig. 18 , the rods are displayed in order of increasing cladding oxidation. The corresponding test conditions and data are listed in Table III . It is apparent that as the oxidation increased, the oxide exhibited an increasingly whiter appearance.
Rods from tests No. 12, 4, 7, 16, 5, 8, 9 , and 5 remained intact after photographing and during sectioning for metallographic examination.
The rod in test No. 16 was slightly bowed; this was apparently due to hightemperature gradients caused by the rapid heating rate (50°C/sec) and the water quench. Each of the other rods broke either during cooling (No. 3, 14, 1, and 2) or on handling preparatory to sectioning (No. 17, 12, 11, 10, 6, and 13). Sectioning revealed some internal cracks in the cladding which were not visible externally.
The thin (-1-2 mil) layer of oxide flaking from rods in tests No. 7, 15, 8, 18 , and 3 is attributed to thermal shock during the quenching phase. Because of its thinness, the flaking did not appreciably weaken the rods. Hansen and Anderko' siz phase diagram for zirconium-oxygen shows that the alpha-beta transition in zirconium is appreciably increased by dissolved oxygen. Maximum oxygen solubility is given as 29.2 at. %. A transition temperature of -1000°C for ZrO2 from tetragonal to monoclinic crystal structure is also given. These transitions, particularly in the case of ZrOz, are apparently largely responsible for the cracking that occurred on cooling of the test fuel rods. Hansen and Anderko report that, at least above 700°C, evidence of oxides lower than ZrO2 is lacking.
E ffe cts of Hydriding
During a reactor loss-of-coolant accident, steam flowing upward through the core could oxidize the fuel cladding in the lower half of the core, thereby producing a hydrogen atmosphere (containing more or Table IID Table V ). Cladding thickness = 0.031 in.; outer surface 6·',7 1.4 1.,4 .* :,6'·--4. , 1,1 4-<,.1::.'. 4 .: :;.::> 3· " i at bottom, inner surface at top. The results of these scoping tests indicate that:
(1) Less hydriding damage is incurred in Zircaloy-2 cladding exposed for 6-9 min to a hydrogen atmosphere at 1400-1650°C than is incurred by oxidation in steam at the same temperature range and period of exposure.
(2) The presence of steam in hydrogen, or preoxidation of the Zircaloy-2 cladding, greatly reduces the hydriding effects.
V. CONCLUSIONS When oxidized by heating in a steam atmosphere, Type 304 stainless steel cladding foams and expands at temperatures approaching its melting point (r# 1400°C).
2.
Zircaloy-2 cladding ( 0.030 in. thick), which has a melting point of -1850°C, did not run or drip from UO2 fuel pellets at temperatures as high as 2140°C
3.
Partially-oxidized Zircaloy-2 cladding around U02 fuel pellets forms an oxide shell which can retain segments of molten metal at temperatures in the range 2600 to 2800°C.
4.
Zircaloy-2 metal that has absorbed oxygen is embrittled, and the degree of embrittlement increases with the amount of oxygen absorbed.
5. Oxidation of Zircaloy-2 cladding in an excess-steam atmosphere follows the parabolic rate law for zirconium.
In a limited-steam atmos-
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phere, the oxidation rate may be diminished by diffusion of steam through the hydrogen product to the surface.
6. Zircaloy-2 oxide has a tendency to crack and break on cooling after prolonged exposure to steam at temperatures above 1200°C. At room temperature, the oxide is very brittle. The tendency to break on cooling is due to a phase change in Zr02, from tetragonal to monoclinic crystal structure, at about 1000°C.12
7.
Zircaloy-2-clad, UO2-pellet fuel rods can be heated to about 1200°C in a steam atmosphere and then water-quenched for about 6 min without incurring sufficient oxidation and embrittlement to break on cooling. This extent, in turn, is influenced by the cladding temperature and the time at temperature. When the equivalent reaction as Zr02 (based on total oxygen absorbed) is 218%, the cladding becomes very brittle. When it is <10%, the cladding retains a fair amount of strength.
10. When exposed for 6 min or longer to a pure hydrogen atmosphere at 1400°C, Zircaloy-2 cladding is embrittled due to hydriding. Preoxidation of the cladding in steam, or the presence of steam in the hydrogen, reduces the degree of hydrogen embrittlement. However, conditions that might produce sufficient hydrogen embrittlement of the cladding in one region of a reactor core would cause much greater embrittlement due to oxidation in other regions. Thus the effects of hydriding are secondary to those of oxidation.
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